Abstract -We have recently proposed the existence of a bactenocolonic pathway for ethanol oxidation, i.e ethanol is oxidized by alcohol dehydrogenase of intestinal bacteria resulting in high intracolonic levels of reactive and toxic acetaldehyde. This study was aimed to examine aldehyde dehydrogenase (ALDH) activity, acetaldehyde consumption and production of acetate by aerobic bacteria (n = 27), representing the normal human colonic flora. Most bacterial strains did not show any membrane-associated aldehyde dehydrogenase, but possessed marked cytosolic NADP + -and NAD + -dependent aldehyde dehydrogenase activity, ranging from 155 nmol of NAD(P)H produced/min/mg of protein to zero with acetaldehyde as substrate. NADP + -linked ALDH activity was significantly higher than NAD + -linked activity in most of the tested bacteria. In addition, aerobic bacteria metabolized acetaldehyde effectively in vitro and this could be inhibited by cyanamide in nearly half of the tested strains. Production of acetate from acetaldehyde ranged from 2420nmoL/10 9 colony-forming units to almost negligible. In conclusion, many human aerobic colonic bacteria possess significant aldehyde dehydrogenase activity and can, consequently, produce acetate from acetaldehyde in vitro at least under the partially aerobic conditions proposed to prevail on the colonic mucosal surface. Individual variation in the capability of colonic flora to remove toxic acetaldehyde may be one factor regulating intracolonic acetaldehyde levels, as well as the rate of bactenocolonic pathway for ethanol oxidation.
INTRODUCTION
Diarrhoea and flatulence are the most frequently reported gastrointestinal symptoms after prolonged period of alcohol ingestion (Fields et ai, 1994) , and marked pathological changes have been observed in rectal mucosa of heavy drinkers (Brozinsky et al., 1978) . Furthermore, epidemiological studies show a positive association between alcohol intake and the development of hyperplastic and adenomatous polyps in the large intestine (Cope et al. 1991) . In addition, heavy alcohol consumption is associated with an increased risk of colorectal cancer (Pollack et ai, 1984; Kune and Vitetta, 1992; Blot, 1992; Giovannucci and Willett, 1994) . The mechanisms behind this alcohol-related gastrointestinal mor-
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Although the liver is generally considered to be the main site for ethanol elimination, extrahepatic ethanol metabolism has been estimated to be 10-30% of the total (Clark et ai, 1941; Larsen et al., 1960) . Some tissues, such as kidney (Leloir and Munoz, 1938) , stomach (Carter and Isselbacher, 1971) , intestine (Lamboeuf et al., 1981) and bone marrow cells (Wickramasinghe et al., 1981) are also able to oxidize ethanol to acetaldehyde. However, only gastric metabolism of ethanol has been shown to be of clinical significance (Julkunen et al., 1985) . The main site responsible for the extrahepatic ethanol oxidation has, however, so far remained obscure.
We have recently suggested the existence of a bactenocolonic pathway for ethanol oxidation (Jokelainen et al., 1996a; Salaspuro, 1996) . By this pathway, intracolonic ethanol is at first oxidized by bacterial alcohol dehydrogenase to acetaldehyde (Jokelainen et ai, 1996a, b) . Acet-555 556 T. NOSOVA et al. (Siitonen, 1992; Siitonen et al., 1993 ) (Siitonen, 1992; Siitonen et al., 1993 ) (Siitonen, 1992; Siitonen el al, 1993 ) (Siitonen, 1992; Siitonen et al., 1993 ) (Siitonen, 1992; Siitonen et al., 1993) (Ridell et al., 1994) (Ridell et al., 1994) (Ridell et al., 1994) (Ridell etal., 1994) aldehyde is then oxidized either by colonic mucosal cells or bacteria] aldehyde dehydrogenase to acetate (Matysiak-Budnik et al, 1996) . Part of intracolonic acetaldehyde may also be absorbed through the portal vein (Matysiak-Budnik et al, 1996) . Presumably due to the low aldehyde dehydrogenase activity of the colonic mucosa (Koivisto and Salaspuro, 1996) , acetaldehyde accumulates in the colon during ethanol elimination (Jokelainen et al, 1996a) .
The aim of the present in-vitro study was to determine the ability of 27 aerobic bacteria representing the normal flora of human large intestine to metabolize acetaldehyde. At first, aldehyde dehydrogenase (ALDH) activities of these bacteria were analysed with oxidized nicotinamide adenine dinucleotide (NAD + ) or oxidized nicotinamide adenine dinucleotide phosphate (NADP + ) as cofactors, and acetaldehyde. propionaldehyde and the aromatic aldehyde, benzaldehyde, as substrates. Secondly, the capacity of these bacteria to oxidize acetaldehyde to acetate under aerobic conditions was evaluated.
MATERIALS AND METHODS
Bacteria (n = 27) were grown on brucella agar plates (BBL, Cockeyville, MD, U.S.A.), supplemented with 5% defibrinated sheep blood in air at 35°C for 24 h ( Table 1 ). The bacterial growth was harvested and first washed three times with lOOmM potassium phosphate buffer (pH7.4). An aliquot of the bacterial suspension was sonicated for 5 x 30 s in an ice bath and centrifuged at lOOOOg to remove unbroken cells and debris. The supernatant was then centrifuged at 100 000 g for 65 min to obtain the cytosol and membranes. Separated fractions were stored at -80°C until analysis.
Cytosolic and membranous ALDH activities Values are the means of duplicate determination for each strain with both substrates.
were determined spectrophotometrically by measuring the reduction of NAD + or NADP + at 340 nm at 25°C after the addition of substrate. The assay mixture contained 1 mM NAD + or NADP + , 0.1 nM or lOmM 4-methylpyrazole, 5 mM or 50 \JM acetaldehyde, or 3.3 mM propionaldehyde, or 5 mM benzaldehyde (final concentrations) in 60 mM sodium pyrophosphate buffer, at pH 8.8. Propionaldehyde was used as a substrate in those cases where NAD + -linked ALDH activity with acetaldehyde was absent. Similarly, benzaldehyde was used in cases of the absence of NADP + -linked ALDH activity with acetaldehyde. Cytosolic NAD + -and NADP + -linked ALDH activities of most of the bacteria were determined also at pH 7.4 with 5 mM acetaldehyde solution. Blank cuvettes without substrate were run simultaneously, and the results were corrected for blank reactions. In the case of membrane fractions, preincubation with sodium deoxycholate (0.3%) for 20 mm at 4°C was performed before the assay in order to release the latent ALDH activity. Proteins were assayed according to Lowry et al. (1951) . ALDH activity was then calculated as nmol of NAD(P)H produced per mg protein per minute. 
Values are the means of duplicate detenmination for each strain with both substrates n.d. denotes not determined.
The ability of different bacteria to metabolize acetaldehyde in vitro was determined by incubating 450 ul of the intact bacterial suspension in 100 mM potassium phosphate buffer (pH 7.4) in closed headspace vials with 50 ul acetaldehyde solution (final concentration 5 mM or 50 uM) for 1 h at 37°C. Baseline production of acetaldehyde by bacteria was measured using 450 ul of bacterial suspension and 50 ul of phosphate buffer. A 20 min preincubation with cyanamide, the ALDH inhibitor (final concentration 50 uM), was carried out prior to the addition of acetaldehyde. To avoid protein precipitation and consequent artefactual acetaldehyde formation, precipitating agents were not used to stop the enzymatic reaction. The acetaldehyde formed during the incubation was immediately analysed by head space gas chromatography at 37°C as reported earlier (Pikkarainen el al., 1979) . Conditions of analysis were the following: Column 60.80 Carbopack B/5% Carbowax 1500, 2m x 1/8" (Supelco Inc, Belefonte, PA, U.S.A.), oven temperature 85°C, transfer line and detector temperature 200°C, and carrier gas (N 2 ) flow rate 2Oml7min. As internal quality assurance, the recovery of acetaldehyde in this method was tested and was found to be 100%. The amount of metabolized acetaldehyde was calculated as a sum of the amount of acetaldehyde added into the vials and the amount of acetaldehyde produced by bacteria themselves with subtraction of the amount of acetaldehyde measured after the 1 h incubation procedure.
Acetic acid produced by the bacteria from 5 mM acetaldehyde during the incubation was measured in supernatants obtained by centrifugation at lOOOg for 10 min. Acetic acid was measured spectrophotometrically according to the test kit (Boehringer Mannheim, Cat. No. 148261) . Amount of acetic acid produced by the bacteria was calculated by subtraction of acetic acid produced by the intact bacteria from the amount of acetic acid produced by the bacteria after the addition of acetaldehyde. The actual number of viable bacteria was determined at the beginning of the incubation by quantitative viable count and was expressed as colony-forming units (CFU)/ml in the vials.
RESULTS
Most of the bacterial strains showed either NAD + -or NADP + -linked cytosolic ALDH activity with acetaldehyde at pH 8.8. NADP + -linked activity with acetaldehyde or benzaldehyde as substrate was demonstrated in the cytosol of all aerobic bacteria (Tables 2 and 3) .
Mean NADP + -linked ALDH activity of the bacteria with 50 uM acetaldehyde (20.3 ± 3.8 nmol NADPH formed/min/mg of protein) was significantly higher than the mean NAD + -linked ALDH activity (3.07 ± 0.08 nmol NADH formed/min/mg of protein; P < 0.0002).
None (Fig. I) .
No significant differences in either NAD + -or NADP + -linked ALDH activities (12 out of 27 strains) could be observed when two different 4-methylpyrazole concentrations (0.1 mM or lOmM) were used to inhibit ADH activity. At neutral pH (7.4), marked cytosolic NAD + -and NADP + -linked ALDH activities with 5 mM acetaldehyde could be found in 12 bacteria and no significant differences were observed between NAD + -and NADP + -linked ALDH activities when determined in the same bacteria at pH 8.8.
Membrane fractions of the bacteria did not show either NAD + -or NADP + -linked ALDH activity with any of the tested substrates (data not shown).
The capacity of aerobic bacteria to metabolize acetaldehyde (50u.M) varied from 20nmol/10 9 CFU/h (Klebsiella oxytoca IH 35403) to 420nmol/10 9 CFU/h (E. coli IH 50763) (Fig. 2) . Preincubation of the bacteria with cyanamide (50 u.M), a well-known inhibitor of ALDH, Acetate production (nmoles/10 CFU)/ h Fig. 3 . Acetate production by the intact aerobic bactena representing the normal flora of human large intestine. Before the determinations, the bacterial suspensions were incubated with 5 mM acetaldehyde in potassium phosphate buffer (pH 7.4) at 37°C for 1 h.
diminished the ability to metabolize acetaldehyde in 13 out of 27 strains. The inhibition ranged from 44% (E. coli IH 25922) to negligible. Most of the tested bacteria oxidized acetaldehyde to acetate under aerobic conditions with subsequent acetate formation ranging from 2420nmol/10 9 CFU (Pseudomonas aeruginosa IH 35342) to negligible (5 out of 27 strains) (Fig. 3) .
DISCUSSION
After its oral intake, alcohol is rapidly absorbed from the upper gastrointestinal tract and then distributed to the water phase of the terminal ileum and large intestine via blood circulation and diffusion. Accordingly, the ethanol concentrations in the colon are equal to those in the blood (Halsted et ai, 1973; Levitt et ai, 1982) . Intracolonic ethanol can be metabolized both by colonic mucosal cells and by intracolonic microbes. Therefore, in addition to ethanol, its metabolites acetaldehyde and acetate are also possible candidates in the pathogenesis of alcohol-related colonic symptoms and diseases (Salaspuro, 1996) .
Alcohol and aldehyde dehydrogenases are detectable both in human and rat colonic mucosa (Pestalozzi et ai, 1983; Tietjen etai, 1994; Yin et ai, 1994) . However, in the colonic mucosa, these activities are about six times lower than the corresponding activities in the liver and about half of the gastric activities (Yin et al, 1994; Koivisto and Salaspuro, 1996) .
In addition to colonic mucosal cells, a number of colonic bacteria and yeasts possess alcohol dehydrogenase activity (Reid and Fewson, 1994) . Under anaerobic conditions, these microbes are capable of producing energy through fermentation (Zeikus, 1980) . The end product of alcoholic fermentation is ethanol, which is derived from acetaldehyde in a reductive reaction mediated by bacterial alcohol dehydrogenase (Neale et ai, 1986) . Small amounts of ethanol resulting from alcoholic fermentation have been found in the gastrointestinal contents and portal blood of normal rats (Krebs and Perkins, 1970 ). An enhanced production of endogenous ethanol due to bacterial overgrowth has been demonstrated in jejunal contents of rats with a blind loop (Baraona et ai, 1986) , in jejunal aspirates of patients with tropical sprue (Klipstein et ai, 1973) and in venous blood of patients after jejunoileal bypass for morbid obesity (Mezey et ai, 1975) .
In the presence of an excess of ethanol, the reaction catalysed by microbial alcohol dehydrogenase can also run into the opposite direction with acetaldehyde as an end product. Accordingly, the incubation of human colonic contents with increasing ethanol concentrations in vitro results in marked accumulation of acetaldehyde, which most probably is of microbial origin (Jokelainen et al., 1994) . There are marked differences in the alcohol dehydrogenase activity and acetaldehydeproducing capacity among the aerobic bacteria representing the normal human colonic flora (Jokelainen et al, 1996b) . The highly significant positive correlation between bacterial alcohol dehydrogenase activity and their acetaldehydeproducing capacity from ethanol strongly suggests the catalytic role of microbial alcohol dehydrogenase in this reaction (Jokelainen et al., 1996ft) .
In vivo, microbial acetaldehyde production from ethanol has been reported to occur in the oropharynx of healthy subjects (Pikkarainen et ai, 1981) , in the intestinal contents of rats with a jejunal blind loop (Baraona et ai, 1986) and in the colon of piglets (Jokelainen et ai 1996a) . Acetaldehyde of microbial origin has been suggested to be a possible factor behind the alcoholassociated gastrointestinal morbidity (Jokelainen et ai, 1994; Salaspuro, 1996) . Acetaldehyde is considered to be a carcinogen for experimental animals (International Agency for Research on Cancer, 1985) . In addition, acetaldehyde has been shown to accelerate the chemically induced carcinogenesis in the rectal mucosa (Seitz et ai, 1990) .
The large intestine is the most richly colonized site of the digestive tract. More than 400 different bacterial species and I0 14 individual bacteria inhabit a single human colon at a given time (Luckey, 1977) . Accordingly, the number of intestinal bacteria equals or exceeds that of the cells of the human host. The metabolic capability of the colonic microflora has been estimated to be at least as great as that of the liver (Bingham, 1988) or even exceed that of the whole human body (Cummings, 1983) . The anaerobic conditions prevailing in the colon may not in general favour the oxidation of ethanol and acetaldehyde by the bacterial enzymes. It is well known that in faecal flora, anaerobic organisms outnumber facultative organisms by a factor of 1000. However, due to the diffusion of oxygen from the colonic mucosa, the mucosa-associated flora contains as many or even more aerobes than anaerobes (Hill, 1995) . Therefore the higher oxygen tension of the colonic mucosal surface and its flora may favour the oxidation of ethanol in vivo to acetaldehyde and also of acetaldehyde to acetate. Aldehyde dehydrogenase activity has already been shown in various bacteria and plants (Van Ophem and Duine, 1993) , in the cytosol of yeasts (Steinman and Jakoby, 1968) and in anaerobic bacteria (Burdette and Zeikus, 1994) . The results of our study show the presence of ALDH activity in the cytosolic fraction of aerobic bacteria representing human colonic flora. NADP + -linked ALDH activity of most of the aerobic bacteria is significantly higher than NAD + -linked ALDH activity. Moreover, most of these bacteria possess notable ALDH activity with rather low acetaldehyde concentration (50 uM), which might be detected in the colon in vivo after oral administration of moderate doses of ethanol (Jokelainen et ai, 1996a ).
The aerobic bacteria tested produced acetate in significant amounts from acetaldehyde at neutral pH. These data support the presence of ALDH activity in the viable bacterial cells and at pH values usually observed in the human colon (Meldrum et ai, 1972) . As mentioned, the activity of mucosal aldehyde dehydrogenase of the colon may be insufficient for the removal of acetaldehyde produced by intracolonic bacteria during ethanol oxidation (Koivisto and Salaspuro, 1996) . Accordingly, ALDH of aerobic colonic bacteria might additionally remove toxic acetaldehyde from the large intestine and therefore might diminish its toxic effects on the colonic mucosa during ethanol oxidation.
In conclusion, the tested aerobic bacteria, representing normal human colonic flora, possess cytosolic ALDH activity and, accordingly, are able to metabolize acetaldehyde with subsequent acetate formation at least under conditions observed on the colonic mucosal surface. Therefore, bacterial ALDH may contribute to the activity of the bacteriocolonic pathway for ethanol oxidation.
